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20. Abstract (Contd)
t ,characteristics of the scattering from the surface depend on the degree of

roughness.-, Toe first is the changes in form of the mathematical represen-
tation for_ 0 as the degree of roughness is varied. The next topic is con-
cerned with alternative definitions of the glistening surface (the part of the
rough surface from which diffuse power is scattered into the receiver). It
is shown that, for some parameter ranges, the usual definition of glistening
surface as given by Beckmann and Spizzichino is not adequate. In the final
topic, the effect of the moisture content of the soil on surface scat ering as
a function of roughness is discussed. A wide range of results is presented
in each of these areas. The impLications of these findings for the prediction
of system performance are discussed.
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Further Considerations in Models
of Rough Surface Scattering

1. INTRODUCTION

The scattering of electromagnetic signals from rough terrain depends on the 4
characteristics of the surface. The scattering surface can be defined In terms of

the statistical distribution of the heights, their degree of correlation, the varlance

of the heights, a2 , and the complex dielectric constant appropriate to the type of

terrain. Theoretical models describing rough surfaceI15 scattering relate these

parameters to the normalized cross section of the terrain. This report is con-

cerned with several factors that can affect the description of these relationsblps.

(Received for publication 7 January 1,83)
I. Beckmann. P., and Spizzichino, A. (1963) The Scattering of Electromagnetic

Waves From Rough Surfaces, Macmillan Co., New York.

2. Ruck, G. T., Barrick, D.E., Stuart, W. D., and Krichbaum, C. K. (1970)
Radar Cross Section Handbook, Vol. 2, Plenum Press, New York.

3. Long, N. W. (1975) Radar Reflectivity of Land and Sea, Lexington Books,
Lexington, Macs.

4. Brown, G.S. (19--) A stochastic Fourier Transform approach to scattering
from perfectly conducting randomly rough surfaces, IEEE Trans. Antennas
Propag. (to be published). '

5. Peake. W. H. (1959) The Interaction of Electromagnetic Waves With Some
Natural Surfaces, Antenna Laboratory, Ohio State University Report-898-2.
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At RAD 1-' EC there is a continuing inturest in im: 'm ii~of tht- S, at-

tering frcmn rough surfaces. The invesligations oncentratt 011 tAo ma kin thtnout

the description of the surface and the electromagnetic intcraction. rhri ranlge of

models can be seen by the descriptions in earlier reportiniz. rh, ri dtajls of

th e models will be presented in later sections and in the appenidices. It should

just be noted here that tne models are coinprehiens ive and hive the- capabilitY ol"

calculating the coherent (specular plus direct) and incoherent iijultipath power

reaching a monopulse receiver from a beacon located ouer mi-gh terrain. LDis-

cuss~ons of coherence and the methods, for calculating the oern and incohe-ret-

power are given in the appendices. One adlditional point i~z that in thecse mnode-ls' xe

use the concept Iof ifglistening surface" (for a given set of antonnla positions, that

part of the rough surface that reflects a sig-nificant '111oU[It Of thet transm itted

encrgy into the receiver) as described by Beckmnann and tSpizzichino. 1'A geomletri-

cal representation of the scattering from the surface is sho%%n in Figure 1.

'~IRECT SIONAL

*,* 'r13L T

-,L Pi' ,3 ,C. ¶1 THE P: -'NE OF TH-i E- ARr

Figure 1. Geometrical Representation of the Scattering From Rough
Surfaces

6. Papa, RF- J. , and Lennon, J. F. (1980) Electromagnetic scattering from rough
surfaces based on statistical characterization of the terrain, International
Radio Science Symposium, (URSI), June 1980), Quebec, Canada.

7. Pa a, R.J. , Lennon, J.F. , and Taylor, R. L. (198o) Electromagne-ticWive
aScattering From Rough Terrain, FRADC-TR-80-3o0,-t-13T-ro'ý83D).

Papa, R. J. , Lennon, J. F. , and Taylor, R, L. (1982) The Need For An
Expanded Definition cf Glistening Surface, HADC-TIT-82-27 1.
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In this report we will be addressing three different topics related to the scat-

tering from rough surfaces and will show how all of them are sensitive to the

actual degree of roughness. Thc first is the determination of the form for the

normalized cross section of the surface, a*. The usual form is based on physical

optics and the asymptotic evaluation of integrals representing a- in the limit of "

very rough surfaces for bivariatc Gaussian and exponential surface-height d.stribu-

tions. In the exponential case the uncorrelatcd variates are not independent and,

for intermediate levels of roughness, this leads to a form for ce different from the

usual result. The next topic is that of the glistening surface. "or some parameter

ranges, the classical definition of the glistening surface as given by Beckmann and

Spizzichino is not adequate. Their definition does not account for the angular

dependence of the scattering matrix in the expression for a0 (the normalized cross

section of the rough surface), In addition, it may suppress contributions from -

areas close to the antennas. The final roughness dependent effect discussed here

is hok the scattering from a given typbe of surface is effected by the amount of

moisture present in the soil. To represent this, the dielectric constant of the sur-

face, for a range of conditions, is chosen to correspond to arid, normal, and very

wct soil. The effect is agairl sensitive to the degree of roughness.

The results of this study can have Implications for the estimation of radar sys- . -

tern performance. Two aspects arc important. First, there is the question of

establishing system desLgn criteria that are cost effective. Second, the assess-

nient of system performance variability is related to the discussions of the effect

of surface roughness :)n moisture dependent scattering.

2. TIlE NORMA.IZED) CRIOSS SECTION OF RANDOM ROUGI SURFACES

In this section we will discuss the basic theoz etical considerations involved in

the determination of tne rough surface scattering cross-section. Particular con-

sideration will be given to iimitations of the theories and the effects of the statis-

tical properties assumed to describe the surface h-ight distribution of the scatter-

ing area.

2.1 iil,,-S,'a h-orf I , , r iC$

Two major th(,or'tical formulations for the normalized cross section, the 0
I)hyvS i(:aI optics moiidei arld the perturbation theory morde, will be considered

i ii luding the d(elineation of con1ditions uLnder w hi 'I C"l CaI alies.

-.- :
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2. 1. 1 I'ITYSI('A\I. OPT[(S

In the physical optics approximation, 1,the radius of curvature of the irregu-

larities is assumed to be large compared to a wavelength (H >> 0. The recent4 c
work by Brown has shown that this condition is not, in itsel, sufficient for phys-

ical optics to be applicable. An additional cinstraint is required, such as the

surface slopes must also be small (T >> ,), where T = surface correlation length

and o = standard deviation in surface height. Also, the total field on the rough

surft-ce mav tbe expressed as the sum of the incident field plut; the scattered field.

B3ecause the radii of ,urvat,,re are assumed to be lrge comnpared to a wavelezgth,

the scattered field is expressed ois the incident field multiplied by the Fresnel

plane wave reflection coefficient. Then, the normalized scattering cross section

(co) for the surface is derived by substituting this approximation for the total field

on the surface into the Kirchhoff integral (scalar or vector form) expression for

the scattered field. The expression that is derived for the normalized cross see-

tion o * of the rough surface depends upon the probability distribution function

(PDF) of the arface heights, the surface correlation function, standard deviation

in surface height, surface correlation length, and complex dielectric constant of

the surface.

2. 1.2 PERTURBATION THEORY

The second conventional method for deriving an expression for a* with a single

scale of surface roughness is the Rayleigh-Rice or perturbation method. Here, it

is assumed that the scattered or transmitted fields from or across a rough surface

can be represented by a superposition of plane waves propagating away from the
9 5 2boundary with unknown amrlitudes (Rice, Peake, and Ruck et al ). Also, it is

assumed that the standard deviation in surface height is small compared to a wave-

length and that the surface slopes are small. Then, the scattered fields are ex-

panded in a perturbation series. The unknown scattered-field amplitudes are

determined by requiring each order of perturbation to satisfy Maxwell's equations

and the boundary conditions. The expression that is derived for a* is proportional

to the surface height spectral density, the fourth power of* the wavenumber, and the

fourth power of the surface-height standard deviation.

2.2 Mulliple Scales of Roughness

There have been several models developed to describe wave scattering from"

a surface with two or more scales of roughness. Some two-scale models have been

V. Rice, S.D. (1951) Reflection of electromagnetic waves by slightly rough
surfaces, The Theory of Electromagnetic Waves, M. Kline, Ed., Wiley,
New York.

10
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derived by ILsu',mZnI diht tilc small scale of roughness obeys the criteria for the

perturbation !olution that is superimposed on a lax ge scale of roughness that obeys S
the physical optics ci iterion (Wright10 and Fuks 1 1 ). Brown 1 2 has obtained an

expression for (- witii two scales of roughness using a perturbation technique first

derived by Burroughs. 13 Bahar14 inas used the full wave approach to de:ive ex-

pressions for o* to describe the scattering of em waves from a rough surface with

more than one scale o, roughness. The solutions have been shown to reduce to 0
the physical optics result or the perturbation result in appropriate limits.

21. •urface lfeighl Statiplit

2.3.1. GAUSSOAN HEIGHT VARIATES

Most authors have conside, ed that the random rough surface from which the

scattering occurs is Gaissian in nature. There are two main reasons for this

assumption. In the first case, there are a number of instances in which agree-

ment with experiment hx-s been obtained with this r'ssumption. Secondly, this

assumption is attractive because of the statistical properties of Gaussian distribu-

tions. For irstancr. sums of Gaussian variates are also Gaussian, Another

example of p.rhbaps more interest is the property that once the variates become

uncorrelated, their respective marginal densities are independent. Both of these

aspt:cts are important in the mathematical analyses for the scattering cross see-

tion of the surface.

2.3. 2 NON-GAUSSIAN INDEPENDENT VAUIATES

The first serious effort to investigate er -wave scattering from non-Gaussian

rough surfaces is presented in the report by Barrick. 15 Here, expressions for oa

are derived under the assumptions of physical optics for a modified Bessel joint

PDF and a Gaussian joint PDF. Both a Gaussian and an exponential function are

i0. Wright. J. W. ,460) Backscattering from capillary waves with application to
sea clutter, IEEE Trans. Antennas Propag. AP-14:749.

11. Fuks, I. M. (1960) Contribution to the theory of radio wave scattering on the
perturbed sea surface, Izvwstia Vvshikh Uchebnykh Zavedenii Radiufizika
5:876.

12. Brown, G.S. (I'o73) Backscattering from a Gaussian distributed perfectly
conducting rough surface, WEE Trans. Antennas Prupat.. AP-26:472.

13. Burrows, M. L. (19(37) A reformulated boundary perturbation theory in elec-
tromagnetis-i, and its application to a sphere. Can. J. Phys. 45:1729.

14. flahar, L:. (1'•:1) S,_ attering cross sections for random rough surfaces: Full
x•ave analyvis, Radio Sci. 11:331-341.

15. 13qrri,:k, D. I (l'AC ) \ More Lxac-t Theory of Backscattvrin- From Statis-
ti(alIv Ibi rh Surf a,,e tE-io V74i tT L-Univvrsitv ResT ý Ki.s-c a -Fou •-fd~,
E, port I - ,
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tith, nioiffied flu54.e1 joint PDI- dc;-- ýZas first proposcil hY O~tt. it 11", Ad X"q ri-p-

rj,'Sent s-urfa.w h,'ij~ts -it two Psibrinct points I)n-tlhe sur'Io'' Ili, "I th" IHC),ili-I

Elessel-joint P LW is given by

III r(I i S tit( st'l ldn I'dI (IViatiotl in 5U1al(( iwh ight,. Is tilt o z-l'lation full(tionl,

Kti 1\ 's tilt illlodiftjed fuss l l, tiol? of thlt first kind of ')1 111 n . It shoulm d b.-

nioIt, t i I t I' J( t T (x - ( ll

P11 W I Gý I ) p ~ 4 V., -ii il cal thi *1- 'orelIaoll trit I, st'i stca in ~
I em Itnr cf br th is P D F. [c ever%' 1, the twoV' variateS-1, are t fitizi bS(JjIiy i(IeuJti I I

,nargairial prolxibilit.N densities tin thiis case and tilt [faining of' this re.,ult is solme -

%%hat uniclear 1.

In 1973, B3eckmiann 17 ive'stigate em l-"'n1V scatterin Fj oUgh foti-C
4 a s sinn

surfaces using the assumptions of physical optics. The method assumes that tht-

joint P UF p(Z ~,/,,c) can be Kerived from the marginalI denisity p(z) and knowni

correlation function c(T). The technique uses the properties of classical se'ts of

polynomnials (Ilermnite, generalized Laguerre, and Jacobi), which are orthogonal

over somec interval with respcet to sonic weighting function. Another assumption

is that the joint PDF' p1(Zi, Z 2 , c)= p I(Z I)p 1 (Z.9 ) as c(7' 0.4-., that is, dt-,oir-

telation leads to statistical independence.

2. 3. 3 NON-GA USSIAN DEPI:NIWNT VARIA TES

The transformation of joint surface-height probahility densities into sets of

uneorrelateci variates does not always lead to statistical independence. In Riuck
9

et al.- TBrrick introduced the ý)ivariate exponential surface height PDF:

3 .2 2c Z Z91/21

/LZl exp 1 12 2

The uncorrelated result for this casez is not a pair of independent variates, and

this leads to complications in the theoretical development of oj t. The authors have

1I Ott, RI. ff. (19(i7) A Theoretical Model for Scott('ring Fýrom _HougLh Surfaces
With AppIlýiations to thleNboor and Sea, Ohito State University Resear Ii
Foundation, R pu;rt- F88-1

17. But kznann, P. (J!,73) Scattering by nion4;Giussian surfa~cs,[P1 Trans.
AnensPropag. AP-'- 1:1W,.
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uEed variations of this distribution in several previous studies. 7, 18, 19 As a re-

sult of applying hypothesis testing p,'ocedures (see Appendix A) it was found that S
for the radar site [ the Discrete Address Beacon System in Massachusetts

(DABS) 2 0 1 used for experimental comparison, the terrain heights fi. better to a

bivariate exponential distribution than a bivariate Gaussian distribution.

Recently, Brown 2 1 has considered scattering from perfectly-conducting ran-

dom surfaces for which decorrelation does not imply statistical independence. By

using an exact theory for the current induced on the surface and the stochastic

Fourier transform approach, it is shown that the incoherent scattered power con-

ststs of two parts. The first part corresponds to what is normally termed the dif-

fuse power, that is, the incoherent power scattered in all directions. The Second

part is incoherent power scattered specifically in the specular direction. •

2.4 The Conditions For Phyiical Optics

In our opinion, the physical optics models of rough surface scattering are the

most rigorous of all models to date. The analyses developed herein are based on

the limits of physical optics assumptions. For the rough surface scattering Icase

we can examine the parameters in relation to those conditions for which physical

optics applies. In this analysis the rough surface heights are assumed to be re-

lated by Gaussian correlation functions..

The rough surface is given by the equation z = C(x, y). For an isotropic sur-
z z

face, the slopes L- and L are equal. The average slope is given by

ax ay

KOZ azN]1/2S[K

where ( ) denotes expectation value. First, we assume that the surface autocor-

2 2
relation functional is R 0 2 e Here T is again the separation between22 ] 1/ 2 .,
points, 7 = [(x 1 - () , - y)2] The square of the radius of curvatutre,

Rc of a curve is given by

18. Lennon. J.F., and Papa. R.J. (1980) Statistical Characterization of Rough
Terrain, RADC-TR-80-P, AD A0877746.

19. Papa, R.J., Lennon, J.F., and Taylor, R. L. {!980) Prediction of Electro-
magnetic Scattering for Rough Terrain Using Statistical Parameters Derived
From DiLitized Topographic Maps, IADC-rR-8 -28., AD A0941104. ;

2'o. McGarty, T. P. (1075) The Statistical Characteristics of Diffuse Multipath
and Its E-ffcct on Antenna Performance, ESD-TH-75-145, AD A0986Fr.

21. Brown, G.S. (19182) Scattering from a clhss of randomly rough surfaces.
Radio Sci. (to be published).
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R I2 0 + (z')) -
c - 111)2

The expectation value of I?- is given by
0

2 \ 0 . .2

T,) ýzijn1,1 1jV tht, CV,'lU1i1uT i of thiS qjuantity we will approximate KýR2 by the follow -

inL' oxp"( ssiol:--

-3

/(1 ' (z')) /_ (j + (z')2)

l It,' "IVeraI , I-e'A )z is givc.n by

-
a 2

and the average of (z") is given by

(z,) I D = ( 1) - 12a2

Then, an approximate expression for the average radius of curvature is given by

Re 2  [i + "2/T

We have already discussed the fact that one set of sufficient conditions for
physical optics to apply is P >c. X and I >" u/T. If we consider the equations for

T2
11 andi a new condition T /> » then, these relations, along with the relation
F -. 7, lead to tihe simpler (in the sense of being more directly seen) set of suf-

fi,',ent condition. for physical optil ., a/T - I and T22 
i/', - X, for a surface with a

(i'rtusSian atUto,-orrclatlon function. One interesting point to note is that these con-

(itn ohl f,':, ' a 'a :ýi the Haeh, 1Irh flol SS paraiet'tr, • where

......... ........ ' -"T



2 - (cos A + 'os 0) Here X- ema-wavelength wavelength, Oi angle of

incidence, and angle of scattering measured with respect to surface normal.

'.5 to D Jelerwinalion

In this chapter. comparisons will be made between the exact integral represen- " "

tation for a• and the asymptotic representation for a* for both exponential and '0
Gaussian PDI-s as a function of the Rayleigh parameter 1.. It will be shown that

for exponentially-distributed surface heights, great care must be exercised in the

use of the expression for oa as given in the book by Ruck et al. 2 In Appendix B,

it is shown how expressions for a* may be derived for bivariate exponential PDFs

under the assumptions of physical optics. For large Rayleigh parameter L. a"0

steepest descent evaluation is made to cbtain the expression for a* first given by
2

Barrick in Ruck et al. It will be shown in the results of this chapter that the

asymptotic expression given for a* is not accurate unless L is very large. This

difficulty arises because the bivariate exponetizl PDF does not reduce to inde-

pendent variates Z and Z9 as (x 2 x212 + (Yl " Y2' , and, as £ .,

increases, the normalized cross section a* does not approach zero as rapidly as

in the Gaussian PDI. case.

For the purpose of this study, the behavior of a* is discussed in terms of the

behavior of the slope-dependent statistical quantity J. This is explained in detail

in Appendix B. The formulations are developed for various ranges of L. The

restrictions and regions of agreement are assessed in the following sections.

2.5. 1 DESCRIPTION OF TABULAR RESULTS

Tables I through 18 present values of the quantity J as a function of the azi- ,

muthal scattering angle, PHISC, for both Gaussian-distributed surface heights and .
exponentially-distributed surface heights. This form of presentation permits us

to examine whether azimuthal displacement affects agreement. In these tables,

L is the Rayleigh roughness parameter and T is the correlation length in meters.

The values assumed by the Rayleigh parameter are given as L2 = 95. 864,

2 ). 13, 10.0,• 1.0, and 0. 1 (for exponential surfaces). The correlation length is

5 in and 15 m.

For Gaussian -di stributed surfaces, SUM refers to the summation representa-

tion for J; APPROX relers to the steepest descent evaluation of the integral repre-

sentation for J (vaild for L>> 1); the INTEG refers to the integral representation

f-11•. .For the OW.Sp.ntiaiiy-distrihutLd surfaces, APPROX refers to the steepest

des tent evaluation ot thte integral rt-presentation for J (valid for L >> 1); SING INTEG

reft.rs to the inttral representation for J; and POWER EXPAN refers to the eval-

uation of the integrai repre.sentation for J obtained by eypanding the denominator in

a po%,_!r series (vili'! for 1). I'hesc are all derivul in Appendix B.

" - - .'-" -k---------



"LTable 1. Values of J-integral as n Function o' Azimuthal
Scattering Angle: :2 95. 864, T' 5.0, Gaussian Surface .

PHISC SUM APPROX INTEG
0.5 2.605 • 10 1 4  1009.34 1019.6( "

1.0 2.07 10"14 951.7f; P60.30 S.

1.5 1.42 10-14 8(:3.00 8369.02

.0 .31 10-2.47 755.77

2.5 4. 19 1 0• - 30.91 631. 78 _2

S3.0 1.81 • 10"' 508.70 507.77

:35 K75 .10 1') T4. 42 3 (2. 4 8

•.1i
"Table 2. Values of J-integral as a Function of Azi-
muthal Scattering Angle: ý 2 ý 20. 13, T = 5.0, Gaus-
sian Surface

PHISC SUI, APPROX INTEG

0.5 976. 13 1009.34 1062. 85

1.0 912.20 951.76 995.29

1.5 815.34 863. GO 892.72 ,

2.0 697.65 752.47 767.70

2.5 572.10 630.91 633. 74

3.0 450.19 508.70 502.92

3.5 340.41 394.42 384. 26-

1 (;
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Table 3. Values of J-integral as a Function or Azimuthal
Scattering Angle: r 2  10. 0. T 5. 0, Gaussian Surface

P ISC SUNI APPRIOX INTEG

0.5 1132.86 1009.34 1131.37

1.0 1048.11 951.76 1049.21

1.5 924.33 863.00 924. 153

2.0 780.01 752.47 779.72 -

2.5 632.06 630.91 632.31

3.0 493.38 508.70 493.41 .

3. 5 372.81 394.42 371.93 -4.-

Table 4. Valuos of -into aIval as l.'unctid ;)f Azimnuthal :7.
Scatt,,itin Anrile: Z- 1.0, F = 5. 0, Gaussian Surface -.

PHISC SUM1 A PPROX INT'I:G

0.5 490. 62 1009.34 6572. 226

1.0 460. 2(; 951.76 -950.11

1.5 428.49 863.00 677. 40

2.0 381.01; 752.47 582 M3

2.5 328.25 630.91 -74.32

3.0 27-1.28 508.70 765. 26

3.5 222.70 394.42 -296.66 6"

"-6

"\..

• .0
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Table 5. Values of) -integral as a Function of Azimuthal 6
Scattering Angle: El = 95. 864, T = 15. 0, Gaussian Surface

PHISC SUM APPROX INT EG

0.5 1.27 . 10"13 7752.62 7806.46

1.0 1.62 , 1014 4569. 19 4560. 75

1.5 5.30 10 16 1893.11 1875.07

2.0 4.47 10"1i 551.43 547.80

2.5 9.78 10"-21 112.9:3 115.15

3.0 5-57 10 2 4  
16.26 17. ;66

3.85 .829 , 1028 1.65 2.01

Table 6. Values of J-integral as a Function of Azi-
muthal Scattering Angle: E2  20. 13. T 15. 0, Gaus-
sian Surface

PIIISC SUM APPROX INTEG

0.5 7322.55 7752.62 8018.06.

1.0 4042.85 4569. 19 4516.70

1.5 1558.37 1893. 12 1808.72

2.0 434.20 551.43 537.02

2.5 89.99 112.93 122.95

3.0 14.15 Ii. 26 22.44 0 "

3.5 1.71 1.65 3.3 ;

4 --. .. V (.
/ 
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"Tahle 7. Values of J-integral as a Function of Azi-
muthl Scrttring Angl,: E- 10. 0. T 15. 0, Gaus-

iann Surface

PH ISC SUIAM APPROX INTEG

0.5 8299. 55 7752. 62 8298. 12 .

1.0 4430.46 4569. 19 4431.60

1.5 .1731.12 1893. 12 1730.97

2.0 523.01 551.43 527. 73

2.5 131.64 112.93 131.90

3.0 27.74 16.26 27.77

3.5 5.06 1.65 4.90

/ o-

"Table 8. Values of J-intogral as q Function of Azi-
rnuthal Scattering Angle: El 1. 0. T 15. 0, Gaus-
sian Surface

PHISC SUAI APPROX INTEG

0.5 3850.28 7752.62 9931.88

1.0. 2464.43 4569. 19 1048.07

1.5 1221. V7 1893. 12 1470.77

2.0 506.02 551.43 707.39

2.5 193.80 112.93 -208.77

3.0 73.71 16.26 564.70

3.5 27.95 1.65 -491.41

19
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"raih* %. value.s of J-int, ,' ,as a .unct ion af
A:intit hnI Scot ,.r i ng A nl, 1.,: 2-- 95. V6h4, T .5. ',
I.xpotientin I Surt' o

3IISC "A PPI()OX SING I NTi .--

0.5 2188 2231

1. 0 1.13 5.4 15.)55

1.5 1104 1011P

2.0 784 77("

2.5 556 553 3

3.0 395 393

3.5 280 279

4,

"Table 10. VaOue. of J-integrnil as a Function of
Azimuthal Scattering Angle: E2 = 20. 13, T 5.0,
EIxponential Surface

PHISC APPROX SING INTEG

0.5 2188 2143

1.0 1553 1550

1.5 110o 1081

2.0 784 768

2.5 556 541

3.0 395 384

3.5 280 274

20
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Table 11. Values of J-integrýl as a Function of
Azimuthal Scattering Angle: E = 10.0, T = 5.0,
Exponential Surface

PHISC APPROX SING INTEG *0

0.5 2188 2395

1.0 1555 1522

1.5 1104 1084

2.0 784 769 7

2.5 556 526

3.0 395 384

3.5 280 269

Table 12. Values of J-integral as a Function of Azimuthal Scatter-
ing Angle: E2  1. 0, T 5. 0, Exponential Surface

PHISC APPR OX SING INTEG POWER EXPAN - ".

0.5 2188 1018 1009

1.0 1555 3UR 952 ' -

1.5 1104 398 863

2.0 784 320 752

2.5 556 273 631

3.0 395 234 509

3. 5 280 182 394

0

A,

21

I /1 -



A - .- , ,-.4

/"

Table 13. Vilues of J-integral as a Furnction of Azimuthal Scatter- 6
ing Angle: L =0. 1. T = 5. 0. Exponential Surface

PHISC APPROX SING INTEG POWER EXPAN

0.5 2188 14 10

1.0 1555 13 10

1.5 1103 11 10

2.0 784 10 10

2.5 556 9 10 o

3.0 395 9 10

3.5 280 8 9

Table 14. Values of J-integral as a Function of
Azimuthal Scattering Angle: E2 95. 864, T = 15. 0,
Exponential Surface

PHISC APPPOX SING INTEG

0.5 9881 9850

1.0 3544 3525

1.5 1269 1264

2.0 454 454

2.5 162 163

3.0 58 58

3.9 21 21

22
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Table 15. Values of J-integral as a F'uncticn of
Azimuthal Scattering Angle: E2- 20. 13. T = 15. 0.
Exponential Surface

PHISC APPROX SING INTEG ""

0.5 9881 9676

1.ti 3544 3450

1.5 1269 1947

2.0 454 453 0

2.5 162 165

3.0 58 60

3.5 21 22

Table 16. Values of J-integral as a Function of
Azimuthal Scattering Angle: r2 = 10. 0, T = 15. 0.
Exponential Surface

PHISC APPROX SING INTEG

0.5 9881 9985

1.0 3544 3401

1.5 1269 1251

2.0 454 476

2.5 162 167

3.0 58 71 0

3.5 21 24

7
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Tabl, 17. VRlu*es of J-int,,iral as a Function of Azirx'u~hal Scatter-
ing Ang,1t: E- 1.0, T 15.0, Exponential Surface.

PIISC A PPROX SING INTEG POW ER EXPAN

0.5 9881 3735 7753 "

1.0 3544 1997 4569

1. 5 1269 1071 13a 9-

2.0 454 464 551

2.5 1 (2 200 113

58 9 U 16

.521 38 2

Table 18. Values of J-integral as a Function of Azimuthal Scatter-
ing Angle: L 2 

= 0. 1, T 15.0, Exponential Surface

PHISC APPROX SING INTEG POWER EXPAN

0.5 9881 85 91

1.0 3544 80 86

1.5 1269 73 79 .. _

2.0 454 64 70

2.5 162 54 60 0

3.0 58 44 49

3.5 21 35 39
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2.5.2 GAUSSIAN RESULTS

Examination of Tables 1 through 8 shows that the SUM representation for J

(Gaussian surface) is very poor for Z »> 1 and becomes more and more accurate

as E eecreases. For E » 1, the asymptotic expression APPROX and the integral

representation for J agree to within 1 percent for all PHISC. As L~ decreases.

the asymptotic representation and the integral representation disagree more and'

more with each other. Finally at E = 1. the asymptotic representation is very
inaccurate, and so is the integral reprcser.tation because of numerical inaccuracies

in evaluating INTEG. The problem here is that as L decreases, the decay of thue

integrand as T* increases is slow, and there are many 'z-I±iations o:' the integrand

(see Appendix B). At _r = 1, and r. < 1, the SUM representation of J is the only

accurate representation.

2.5.3 EXPONENTIAL RESULTS

A study of Tables I I through 18 reveals several facts about the behavior of J

(and hence ae) for exponentially -distributed surfaces. For large Rayleigh param-

eters E >ý- 1, the asymptotic evaluation of the integral for J, A PPROX atid the inter.
gin! representation for J, SING INTEG Agree to within 1 percent for all azimnuthal
scattering angles, PHISC. As r, decreases, APPROX anid SING INTEC disagree

more and more with each other until at r = 1, the asymptotic representation is
very inacru~ate. As opposed to the Gaussian case, for the exponentla lly-dis -

tributed surface, the integral representation for J is accurate for all values of t'.e

Rayleigh parameter. At r x1, the asymptotic representation is not accurate.
whereas there is better agreement betw~en the integral representation and the

power-series expansion representation. For E 0. 1, the asymptotic representa-

tion is extremely inaccurate, but there is very good agreement between the inte-

gral representation and the power-F *-rles expansion representation.

2.5.4 SUMUMARY OF RESULTS

To summarize, for the Gauss Ian -distributed surface heights, the asymptotic
representation and the integral representation for J are accurate for large Rayleigh

parameters E > 1. For intermediate Rayleigh pa.-arneters. the sum representation

and the integral representation are accurate. For small Rayleigh parameters

< 1, the series representation is the only representation that is accurate. On
the other hand, for the expontentially-distributed sairface heights, the integral*
representation for J is accurate for all Rayleigh parameters. The asymptotic
ro-presentation is accurate for large Rayleigh parameter and starts to deviate

from the integral representation for intermediate Rayleigh parameters. For small
Hay! eigh pnrametprs, the power-series expansion representation is accurate.
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3. COMPARISON OF RESULTS BETWEEN STANDARD GLISTENING
SURFACE AND EXTENDED GLISTENING SURFACE

In a previous report, 8 an analysis was made of the conditions under which the

conventional definition c.' length of the glistening surface, as given by Beckmann

and Spizzichino (s,,- Appendix C). is not valid. It was shown that, for a wide

range of conditions, significant amounts of incoherent scattered power can be

receive] from areas beyond the conventional length of the glistening surface. The

amount o.' additional incoherent power not included under the conventional 'efini-

tior depends on the ratio alT, except for the case where, both transmitter and

receiver are very close t,) the surface. It was shown that the trends in the be- "

havior of tne glistening surface are similar for vertical or horizontal polarization,

Gaussian- or exponential-surface height distributions, and for differp'nt signal

frequencies in the S-band to L-band region. These previous investi gations 8 exam-

ined the effects of extending the length of the glistening surface, while the

Beckmann and Spizzichino definition of glisttning surface width (W) was used

(see Appendices A and C). The diffuse scattered power contribution from each 4

increment of length (.1I) along the glistening surface is obtained by multiplying the

product of the centerline value of a* (0s = 0), W, and .WI by the appropriate azi-

muthal and elevation plane antenna power-pattern distributions (here. 0s = azi-

muthal scattering angle).

In this report, the effects of extending both the length and width of the glisten-

ing surface will be examined. As explained in Appendix C, the length is extended

by integrating the product of a* with the corresponding elevation and azimuthal

receiver, and transmitter gain functions over the e.;r(r distance between the two

antennas. The width of the glistening surface is e.dtended by integrating the

azimuthall) dependent cross section ca out to the point where the azimuthal

antenna pattern has dropped to about -45 dB (average sidelobe level) or the peak.

Two different azimuthal power patterns of the receiver are considered In these

investigations: a monopulse difference pattern (shown in Figure 2) and a power /
pattern that has no null at boresight (s 0. 0). This second power pattern is

similar to the original monopulse difference pattern, except that the peak at about .. - -

030 remains constant over the azimuthal angle range -3°<_ s !5 30.

Figures 3 and 4 show the diffusely scattered power (in Watts) as a function of .

range (in nmi and kin) fo: the monopulse receiving antenna. The rough surface is

uniform with a correlation length T 1 100 m and three variances in surface height:

o = I , 10 m 2, and 100 m 2. The em wavelength X = 0.275 m and the complex

dielectric constant of the surface E = 80 + j9. 0.

Figure 3 is a triple plot of diffuse po•ier (PDIFF vs range between transmit-

1]ter and roceiieer where the Bleckmann and Spizzichino definition of glistening

26f
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Figure 2. Azimuthal Difference and Azimuthal Sum Pattern and Elevation Pattern
of DABS Antenna

st:lface length and width was used. It may be noted from this figure that the cut-

off in PDIFF at short ranges for c 2  1 m 2 and c2 1 m disappears as the vam-

ance increasc s o a2 100 m 2 . The cutoffs in P DIFF at short ranges is due to

the vanishing or the glistening surface according to the Beckmann and Spizzichino 1

definition. In Figure 4, the extended length and width definition of glistening sur- -"

face was used to calculate PDIFF vs. range. It may be noted that extending the

length and width of the glistening surface removes the cutoffs in PDF vs range,
so that the glistening surface exists at all ranges for all values of the variance a 2

Also, comparing Fiiure- 3 with Figure 4, it may be noted that for- a2 = 10 m and
or 100 m, extending the length and width of the glistening surface causes an

inc,,.ase in P DI"I for all rangeh. On the other hand, for a2 I m 2 PDIFF for
tht- ,xtended definition is greater- than P DIFF for the standard definition only for

27 -.
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short ranges. For long ranges, a I m results in a sharp dropoff of ac with

increasing azimuthal angle 0.s, so that PDIFF for the extended definition is less 6
than PDIFF for the standard definition (which, as described in Appendix C, is

obtained by multiplying a0 (Os = 0) by the classical width of Lhe glistening surface).

All the parameters in Figures 5 and 6 are the same as in Figures 3 and 4,

except for the receiving antenna pattern, that is now centrally uniform. Figure 5 -

corresponds to the standard definition of glisten.ng surface and Figure 6 corre- '.

sponds to the extended length and width definition. By making comparisons be-

tween these four figures, it may be noted that the differences in PDIFF between

the extended definition and the standard definition are, in general, the same for

the modified antenna pattern as for the monopulse pattern. There Is the disappear-

ance of the cutoffs at short ranges for a2 1 m 2 and 2 = 10 mi2 , and there is -

aiways an increase in PDIFF when the glistening surface is extended. The one

notable difference is that for the modified antenna pattern, extending the glisten-
2 2ing surface causes PDIFF to increase at long ranges for a 1 m . For the

original monopulse pattern, PDIFF decreased as the glistening surface was

extended. This difference in behavior may be attributed to the fact that remcvtng

the null at boresight -in the receiving pattern causes an increase in PDIFF (because

a7 is a maximum at 0s = 00), which compensates for the falloff in a* as

increases.

To conclude this section we will compare the results of the two models with

data taken at the DABS site by Lincoln Laboratory personnel. This data consisted

of the coherent power in the sum channel and the boresight angular uncertainty in

the difference channel of a monopulse receiver located on the ground. The trans-

mitter was located on an aircraft. The data consisting of monopulse boresight

angular uncertainty vs range was processed by removing the bias in boresight

pointing error due to electrical imbalances in the system and then converting the

azimuthal angular uncertainty into an equivalent diffuse power using the equations

and system parameters given in Appendix A. The crosses in Figure 7 show the

results of the processed DABS data.

In Appendix A. and in previous work 6 ' 7, 8, 18, 19 it was discussed how statis-

tiral estimation theory was applied to digitized terrain maps to determine param-

eters that may be used in ýhe em scattering models. The techniques were applied

to terrain at an Pastern Ml~lssachusetts site (DABS). A data base of topographic

elevations for this area is nvailable at the Electromagnetic Compatibility Analysis

(>,toer (CECAC) in AnnapoliS, Md. Trhis was prepared from digitized terrain maps

suppli,.cl by th, D,4'onsr MAi )ping Agncy (DMA). The area of interest is divided •

into rr.l angul-ir, clls, o:rl with sides about 2 kmi. The statistical analysis is

tii;anplied to -hie individuri cellsi.

2r'
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COMPARISON OF DIcFUSE POWER DATA AND RESULTS FROM THEORETICAL MODELS
10"'

STANDARD -

o EXTENDED ED -

DABS DATA +

,--... • - -r'

I o-
F,0 15 20 25 30 S5

RAG(NMI)

Figure 7. Comparison Between Standard Glistening Surface,
Full Integration, and DABS Data: Diffuse Scattered Power
vs Range

The results of the terrain data base analysis are recorded on a computer tape

for use with the computer program for the electromagnetic analysis (see Appen- .. -

dix A). The dashed line in Figure 7 shows the diffuse power predicted by the com-

puter model when the extended length and width glistening surface is used. The

solid line shows the diffuse power predicted by the computer model when the

Beckmann and Spizzichino definition of glistening surface is used. It may be

noted from this figure that the extended glistening surface model shows remark-

able agreement with experimental data for all ranges between transmitter ane

receiver. On the other haiid, the standard glistening surface model shows poor

agreement with the experimental data particularly at short ranges.

4. MOIS'IURE EFFE(TS

In this section we Pre concerned with the behavior of the scattering surface

when there is a rarge of moisture levels present. The moisture is represented

by assigning different dielectric constants to the surface. This effect is examined

for vario)us roughness levels. Both definitions of the glistening surface are used

and their results compared (Appendix A and Appendix C).

In previous studies7 ' 19 we have used the appropriate dielectric constants for

the terrain as described by the geologic coding of the DABS site data base. When

we turned to the question of glistening surface limitations, 8 we used both the DABS

values and a number of cases where the entire surface was assumed to be of uni-

form roughness and to be cultivated terrain with complex dielectric constant, -'-

31
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er 80 + j 9.0. In this present instance, we use three soil descriptors reflecting

different moisture levels and consider how the relative roughness affects the seat-

tering. For dry desert-type sandy soil we used F (1) 2 + j 1. 62, for ordinary. r3
drv ground e r( 2 )_= 4+ j 0.006, and for moist soiler( 3 ) =30+j0.6.

Figure 8 shows several aspects of the effect of moisture content on the scat-

tering. The two upper illustrations and the lower left-hand side illustration show

the progression in behavior of the range-dependent diffuse scattered power when O
2 2

a = 10 M and T is varied from 1.0 m < T 2 500 m. The three cases are for the

extended definition of glistening surface. The final illustration of the figure' shows

the solution for the standard definition of the glistening surface with T = 500 m.

If we examine the three dielectric constants used here we see that, although /

the relative change in the imaginary components is greater than that for the real 0 .

parts, the absolute levels are smaller in magnitude than the real contributions

and thus the differences in the diffuse power follow the real part of the dielectric

constant for the particular set of soil types invetigated in this study.

SOIL AND MOISTURE CONTENT EFFECTs - I >,

--- DAY SOL

~ - - 11MOIST SOIL

U. ~2 M2.,

i04 
• .M

""* - 1. N
Sa. 1- .O4

110 I'5 201 53 5 040 10 li 20 25 A0 A 4 45 so

RAIGE (N NI) RANGE (N MI)

02. 10 N2  02. 10 M2
' t d .U 1-ScOrn T*O

4 15 2!- -4$ 0 IS 2 2 +"Qj ,u '---I -- I - - I- +

0 2 3 15 20 25 30 35 40 45 50 S

RANGE (N Ml) RANC" (N MI)

Figure 8. Soil and Moisture Effects on Diffuse Power: Full integration -
12 10 m 2 , T 1, 100, 500 m; Standard Surface -2 10 m , T 500 m-
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The next factor- to note is that, for, the extended surface case, as the value -

or Tr increases from T = m to T 500 rn for- the extended surface case, sever-alt

differences in behavior can be seen. First, the respective set.,- of curves show

increased rates of dropoff with increasing range. Next, the mn. 6;nitudes pass

through a peak at the intermediate a/T ratio. Finally, the effect of moisture con-

tent on the diffuse power increases as T increases.

The standard glistening-surface results for T = 500 m differ from equivalent0
results with the extended glistening surface definition as is expected. For the

standard case there is the typical cutoff at 28 nml and the overprediction of the
8diffuse power at long ranges. Here, the interest Is in the effect of moistlre

level. F'or the assumptions of the standard glistening -surface model, the three

moisture curves reveal only slight variations in diffuse power. In contrast, for '
the extended surface model there is considerable moisture dependence for the

scattered power (differences of as much as an order of magnitude). This is a

rather significant finding. One would ordinarily expect that the relative spread in

the scattered power would be equivalent in the two models, Some analysis of the

situation will be useful in explaining this behavior.

The analysis involves how the moisture levels enter the calculation and how

the two versions use the moisture dependent terms to arrive at the diffuse power
levels scattered by the surface. These topics are addressed it. the discussions of

the differences between the two scattering models contai,'-j in Appendix C. There

it is shown that the dielectric constant is introduced as a term In the Fresnel

reflection coefficients. Then, consideration of the two distinct versions of the

scattering matrix elements indicates how the difference in behavior occurs. In

the standard model the scattering elements each contain only one of the Fresnet

coefficients, while in the extended version each element depends on both Fresnel

coefficients. In addition, for the standard solution the final result ior the diffuse

power is based on the centerline a' variation multiplied by the glistening surface

width at each point. For the extended solution the result includes the scattering

element contribution at each azimuthal position. This introduces a whole range of

weighted, moisture -dependent terms related to the angular variation. ___

One specific aspect of the particular antenna system used in the study might
suggest that these results are only valid in this instance. That aspect is the

receiving antenna azimuthal power pattern (see Figure 2). The pattern contains a
centerline null that removes the centerline a" contribution from the total diffuse

power calculated using the extended surface model. The question is whether it is
the aspect that allows the azimuthal contributions to dominate the diffuse power
result and, consequently, whether there would be moisture -related differences
between the two models if alternative azimuthal power patterns were considered.
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To answer that quest on the original power pattern was replaced by one having -

its peak at the centerline; it then remains at !hat Ihvel over a considerable frac- 0
tion of the ent-re pdticrn. When the ditiusc power was calculated for the new power

pattern using both models, differences in the moisture behavior between the two - I

models still occurred. Figure 9 shows this result ,'or the case where a= 10 m2

and T =100 m. For the two antenna azimuthal power patterns, diffuse power

levels are presented for both the standard surface and the extended one. Close

examination of these results indicates that the second power pattern results in

less of a difteronce in moisture effects than the original. Nevertheless, even with

centerline contributions, the extended glistening -surface solution has a greater

vatriation with moisture level than does the standard surface solution.

SOIL AND MOISTURE CONTENT EFFECTS - 11
V2.10 M2  T-IOOM SNVSI

EXTENDED SURFACE MOS - ~SOIL

I o1-

0' 1,5 20 ts ;5O -S5 40 45 A0 PS AS A02 0 40 45 30

RANGE M~ -I) RANGE (N MI)

STANDARD SURFACE

Iva I

S IQ 1*5 20 25 3'0 4, "1 45 suS Ilu 15 20 2'5 PO J'S -Q 45 50

RANCE (N MI) R(ANCE (N MI)
NEW PATTERN OLD PATTERN

Figure 9. Soil and Moisture Effects on Diffuse Power, a2  10 MIn2 T 100 m:
Both Antenna Patters, Standard Surface, and Full Integration Models
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Tlh. fin'll n tean of thet ntoi.'ture& ;iim l-sis is, :i summi,,ti:'atton of the effects for

the two ~Ii no-ufcedefinitions ais , funct ion of r'oui~hnvs . This Compilation

of results is presenTt ed inl FEl'gte 10. the txt ended surface results for- the( two

m1oisturev extroemes are shown on thet left of this figure-, while thet corresponding

st anla rd gI ist enitiE!-surface results are shown on the( right. E~ach gr iph contains

eprat cuves Of the( dliffuISe power behavior at three, ant ;*nna sepa .ations as a

functiont of a1 routrhlnoss fartor. (,r This represents a highly-compressed de-

script ion of the results, andl the inform at ion requi res detailed discussion.

SOIL AND MOISTUVZE CONTENT EFFECTS III

EX~TENDED SURFACE STANDARD SURFACE

LU - -9
0

LLISJ

is Is

10 to to I

HOIS

00s

MO S
LLI o MOIST 10 **.-

..............................................................

10 to IS01

Figutrre 10. Soil adMoisture lEfff--ýts on Diffuse Power as a Function of a/T
Ilatio at Three Antenna S'parations! Standard Su,,face and Full integration
Models - (5 nnli -;30 nrni -. ;50 nmi ...

If wefirst exam mne the two surfaces separately, we see that the trends for the
al/T (le-pendtenre am.' re~latively similar for tile three separ'ations. The behavior is

not the same, tirour-h, if we cumipa-rr the results for the two definitions. The ex-

te~nded surface re-sults in larger diffuse power levels than those frorn the corre-

slpon-ling standard surfare-. In addition, the exte~nded surface result peaks at lower
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al/T values than does the standar'd case, and we can see differences in behavior

at large a/T values. The two definitions produce significantly different patterns 0
in this range. For the extended case, the curves at the three antenna separations

all tend to converge for large all'. This holds for both moisture levels. On the

other hand, for the standard case the two sets of moisture levels result in paral-

lel behavior, for large calT values, although the moist surface behavior is more

complex. For the standaru case an additional anomaly is apparent at the opposite

end of the a/T rangp. There, the results for the 5-nmi case are no longer sim-

ila. to the 30- and 50-nmi cases. This is a result of the vanishing of the glisten-

Ing surface that teads to occur at larger ranges as the a/T ratio decreases. This

subject is discussed in detail in our previous report, 8but the trend can be seen

here by consideration of the standard glistening surface cases in Figure 3. This

figure shows the change in glistening surface cutoff foi-a 10 in as T changes

from T 100 ni to T =500 mn.

Ther-~ is no simple statement that generalizes the wide range of moisture-

related effects and their dependence on the definition of glistening surface and

scattering model. It should just be noted that there is a strong roughness effect 4
and that the two models can yield quite different results for some alT ranges.

There are several implications for radar applications in these results. The

first point is that knowledge of the moisture content Is not sufficient for absolute

prediction of the results of system performance. For different roughness levels

the effect of moisture can be quite different. The second point is that moisture

effects based on standard calculations may be at variance with the predictions

obtained for the effects of moisture on diffuse scattering when the extended surface

is used in the analysis.

5. CONCLUSIONS

In this report we have examined our rough surface scattering theory in terms

of its underlying principles and assumptions and established that the assumed

level of surface roughness has a highly significant effect on the overall solution.

The results of the analysis reflect a wide range of topics. In this section we will

summarize these results and their implications.

The first area is thc. discussion of the various theoretical formulations and

the conditions for their validity. The two main theories for scattering are the

perturbation theory, which requires the surface irregularities to be small com- L

pared to a wavelength with the surface slopes less than unity, and the physical

optics approximation where the radii of curvature of the irregularities are large

compared to a wavelength and the surface slopes less than unity. Additional
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factors that can effect the results are multiple scales of roughness and differences

in the statistical characterization of the scattering surface. Among the more sig-

nificantstatistical aspects is the property that for some distributions, uncorrelated

surface heights are independent while for other cases this condition is not satis-

fied. In the present discussions conditions for physical optics are always assumed
2to apply. Then the surface cross section a* = [..] J depends on the scatte.-ing

tjmatrix and the statistical form J. A major concern of this study is to examine

the agreement and limitations for the alternative J-representntions as a function

of Rayleigh parameter, L.

For Gaussian surfaces when E >> 1, the summation result is poor while the

asymptotic and integral results agree. In this case the agreement is independent

of azimuthal scattering angle. These solutions diverge as E decreases, and the

summed result agrees with the integral. In the ranges where E !5 1.the summa-

tion result has become the only usable representation because the behavior of the

kernel in the integral formulation makes accurate numerical evaluation of the

integral intractable.

For exponential surfaces the results are slightly different. In that instance,

the integral form is accurate over the entire range of 1 values. The asymptotic

solution agrees with the integral one for large E, with the summation being com-

pletely at variance. In contrast, the E !5 1 the asymptotic solution does not agree

with the integral result while the power series expansion solution does. Again,

there is no apparent trend related to the magnitude of the azimuthal scattering

angle.

The next area of interest is that of the concept of glistening surface. The

extent of the surface and the inclusion of the related scattered power In the

theories used in our analyses has progressed through several stages. The'

differences in results are clearly roughness dependent.

The standard glistening surface as described in Beckmann and Spizzichino 1

generates reasonable results for a wide range of conditions, particularly for

large afT ratios. We found that for small a/T ratios, though, the length of the

glistening surface either vanished or omitted significant portions of the surface

between the two antennas. Extension of the glistening surface to include scatter-

ing contributions from the entire surface between the antennas has shown that the

power from these excluded areas could be quite significant for some conditions.

This represented the first modification of the formalism.

The original Beckmann and Spizzichino solution assumes that the azimuthal

variation of the cross section is negligible and determines the result by consider-

ing the product of the centerline (0s = 0, boresight direction) a* values at any

point along the length of the glistening surface and its associated width at that

point. In the initial modification, this assumption was maintained. The newest
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modification relaxes this constraint. As in the previous case the integration is

along the entire separation between antennas. tlere the concept of specific surface

width is removed, and the integration is carried out over the azimuthal extent of

the power pattern. Also, an associated azimuthally varying value for the cross

section of the surface is included in the theory. It was found that for small o/T

S atios the standard solution approximations result in over-prediction at large

antenna distances and underprediction at short ranges. For larger a/T values the 0
results tended to agree.

For the above results, the azimuthal variation ir all is modified by the corre-

sponding azimuthal power pattern of the receiver. This suggested considering the

effect of a drastically different azimuthal power pattern. Specifically. instead of

a monopulse pattern, a pattern was chosen that has an essentially constant value

over the typical azimuthal extent of significant cross section values. The results

followed the same trends as before except that the full integration is always

greater than the standard glistening surface results. In the case of large a/T

ratio, the centerline null in the original pattern resulted in relative agreement for

the two models. (The centerline null in the pattern balances the omitted surface 4.
area.) Here, the peak centerline value adds to the difference, and the full inte-

gration results remain higher. The final point with respect to the different glis-

teni-ig surface results is that the full integration case gives excellent agreement

with the DABS data while the standard surface- results show areas of poor agree-

ment particularly at short range's.

Once we established the effects of roughness on the agreement between

tliou'ies, the final topic of the present study was introduced. Thi" is the effect of

roughness on the results when the moisture content of the surface is varied.

A number of results were found. For the azimuthal difference power pattern,

Sa decrease in the value of o/T resulted in increased variation between the succes-

sive moisture level values for scattered power- as a function of antenna separation.

For small o/T values the difference between the moisture level results of the full

glistening surface and the standard surface is considerable. The behavior of the

diffuse power as a function of moisture content ard surface roughness at given

antenna separtztions is quite dissimilar for the two definitions of glistening surface.

This is particularly true for extremes of large and small a/T.

The centerline power pattern null tends to emphasize differences between re-

sults from the two models, but the introduction of the alternative azimuthal

pattern still resulted in differ, nces in the (,ffct of moisture.

As a result of these studies of roughness dependent effects on scattering it is ILA.

clear that use of simplified models for the scattering surface ('an lead to consid-

erable errors in the prediction of the scattered power, most notably for- small

a/T roughness parameter conditions. In addition, the effect of moisture is quite
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different depending on the glistening surface model particularly at the exctremes

of either large or small a/T ratio.

Predictive models of radar performance that do not properly account for

diffuse scattered power can lead to design criteria that may either be more

expensive then necessary or result in poor operational performance. The mois-

ture dependence on roughness also suggests that there can be inadequate estima-

tion of performance variability, unless those effects are properly taken Into-

account.
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Appendix A

Description of Rough Surface Scattering Analysis4

in this appendix we describe the details of the surface scattering formalism

in terms that are common to the two basic versions of the program used to obtain

the results found in this report. Additional discussions of distinctions between

the two models will be discussed in Appendix C.A

The common elements involve the calculation of the specular and diffuse

scattering from rough terrain, which incorporates statistical parameter eistima-

tion applied to digitized terrain data ba~ses. The terrain Is divided into homo-

geneous, isotropic, rectangular, cells, that are each characterized by a mean.

height, variance, degree of correlation, statistical height distribution, and an -

appropriate dielectric constant. The model includes spatial inhomogeneities

from cell to cell, multiple specular reflection points, and global and local shadow -

ing with explicit. shadowing functions for Gaussian and exponent ially-dist ributed

surface heights. The antenna power patterns of both the transmitter and mono-

pulse receiver are included in the model, and signal processing kcsses can be

considered.

The programs normally use system parameters associated with the L-bandV
Discrete Address Bepý-_on Systemn (DABS) to allow comparisons with experiment.

These are defined in Table Al and Figure 8. External inputs include the complexj.

dielectric constant for each surface area, the coordinates of the monopulse

receiver, th- velocity and initial and final positions of the aircraft containing the

transmitter, and a parameter to control the effects of shadowing.
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Table Al. Experimental Conditions for Discrete Address Beacon
System Tests

Front-end receiver noise figure 3 dB

Gain of monopul.e receiver (sum pattern)
antenna 22.5 dB

Gain of transmitter antenna 4 dB "

Height of receiver antenna 101 m

Height of transmitter antenna 1220 m

Signal polarization vertical
.0

Peak transmitter power 350 W

Pulse length 20 ,sec

Azimuthal beamwidth (receiver) 3.

Wavelength 0.275 n

Transmission line loss factor 3 dB

System processi -g loss 2 dB

Normalized pattern slope 1.5

The description of the models may be divided into two major topics. These .,

are the techniques required to assign appropriate statistical properties to the .'

terrain and the specifics of the electromagnetic formulation. Each of these as-

pects requires some discussion.

There are several surface feature contributions in the models. Analyses of
the scattering from rough surfaces consider the surface heights in the region as

pairs of scattering elements and in most cases, including this study, assume that
the height distribution can be described by either a bivariate Gaussian or exponen-

tial probability density. These two bivariate densities have the forms:

(Gaussian)

(Z JU1)2 QZ -u C) Z 2 )
p(Z 1 , z) Z (. 1 ) exp [ ('- 1 - 1  2  2 t2)" 2:Tj2 2a2( Q C2 -'

(A l)
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(F*:xponential)

22 2+2
2 ~ 2,roV/?T [(Z- (13C1- 2

(A 2)

B~oth for-Ils have the samle set of defining paraneters, the mean height Mi, the var-
lIanr c , a. nd the correlation Function C.

In the present analysis, either the formi of the density function and its assoc--

iated parameters are assigned as initial conditions of the problem or-, if a1 specific
si:(e is being analYzed, the probabilitY density anrd the values for its parameters

4re determined by statistical tochniques. The procedures for, describing a site

Live been discussed in. some detaii in earitlierwokAbreoulnwile

included here. The theoretical formnulations worll Al, descAibredfoutilloe be a Vs

vussion of their application to actual terr'ain.wilbdecbdflodbyais

The starting point of the A~nalysis is to determine appropriate estimators for-

the parameters of a Gaussian or- exponential density. We consider that we have

sample height values fromn the. population of the region. The sample mean is then

used as the estimator- for the population mean height and the sample variance is nr
used as the estimator for the Population variance. A more complicated develop-

ment is required to establish v'alues for a normalized covariance estimator. A

This is then used to obtain the correlation length, T.'

rhe next step is to decide which density is more appropriate. Different deci-
A3

sion models have been develooed. One such approach is the fofllnwing. If the s

heights in a region are described by- a particular bivariate form when considered

in pairs, then the population a~s a whole should be described by a higher-order

miultivariate density that has the required bivariate marginal density. A hypothesis

testing procedure- i.; then applied. to the two alternative multivariate densities that

describe the entire collectio' of height values in the region simultaneously. This

Al. Papa, R.J. , and Lennon, J. F. (1980) Electromagnetic scattering from rough
surfaces based on statistical cha racteorizat-ion of the terrain, International
Radio Science Symposium, (URSI), June 1980, Quebec, Canada.

A2. Papa, R. J. , Lennon, J. F. , and Taylor, 13. L. (1980) Prediction of Electro-
magnetic Scatter ing For Houhl'eLirrain U~sing Statistical Parameters
Derived From Digitized Topograsphic Maps, I3ADC-Tli-80-289, AD A094104.

A3. Papa, R. J., Lennon, J. F. , and 'Taylot., R. L. (1930) Electromiagnetic Wave-
Scattering F-romn Hough Torrain, HADC-TR3-80-:300, AD A098319.
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aiiml.•, alternative hypothosis test is , lu rtt 'C' t•i' .:21- : r A -,bilit, - -

criterion where it is equally likely that eithr dons itv i.s the appropriate one. .

For the comparison of the scattering theory with tile experiment, these tech-

niques had to be applied to the terrain at the eastern Alassa-husetts site. A data

base of topographic elvations for this area is available at the lectromagnetic

Compatibility Analysis Center (E'CAC) in Annapolis, Md. This V:t.s propar.,d froti.

digitized terrain maps supplied by the Defense Mapping Agency (DAlA). The at a

of interest is divided into rectangular cells, each with sides of about 2 km. Each

cell is further subdivided into a 10 by 10 grid of points. The statistical analysis

is then applied to the individual cells.

The statistical data for each ce'll has been recorded on a computer tape for .

use with the program for the electromagnetic analysis. Each cell is.represented

by seven descriptors. The first two entries are the (x, y) coordinates for the

center of the cell. Next is the geological code (diel,,ctric constant) for the cell.

(The predominant feature is woods; there are a number of ceflls containing clusters

of lakes and ponds and a few town sites with associated cleared areas.) Tlis is

followed by the mean and variance of the heights in the cell and the estimated

correlation length, T (the units of length are in motors). The final quantity is the

result of the hypothesis test.

The trajectory of the beacon aircraft is incorporated into the computer pro-

gram and at each range point for which a calculation is to be made, the required

cells and their descriptors are then identified. These results or, in the general to

case, the equivalent set of input parameters are then used in the electromagnetic

analysis.

The calculation of the electromagnetic fields has two distinct elements. First,

the total coherent electric field ECOH at the receiver is calculated by using the L,

sum pattern of the receiver antenna in the following expression:

ECOH ET [1+ 1 G'( m. 1 j rF eikA] 1 (A3) "A- -

where

ET = direct path electric field at the receiver,

G.(0 ) = gain of receiver in direction of multipath ray, where 0 is tileangle between the dirý.ct ray and multipath ray,

iR. = ratenuation factor affecting coherent reflected wave due to surface
3 roughness,

F. complex Fresnel plane wave reflection coefficients,
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0/

k = 2mr/X, and

AR = difference in path length between direct ray and reflected ray.

The summation over j represents all possible specular reflections (there may be

more than one, due to unevenness in terrain). Here, coherence means there is a

known phase relationship between the em field leaving the transmitter and that

reaching the receiver. -'

The next aspect is that of the diffuse power. The diffuse power in the mono-

pulse difference channel is calculated from the expression

/ GA" )G AZ (0ffGG T LOSS TR(2)R 2 1
DIFF 2 22\ (4,r)3  H1f R R

E ,L EL :++ ,+) S (+
GTR(O1)G R (2) ,*1 2....

where

XLOSS = system processing losses

P transmitted power,
T

X wavelength,

GAZTR = gain (power) of transmitter in azimuth (isotropic pattern),

AZ-G - gain of receiver in azimuth (difference pattern, Figure 8),

EL = gain of transmitter i;. elevation (isotropic pattern), 0T R

GELR gain of receiver in elevation (Figure 8),

01 = elevation angle between boresight and point on glistening surface
for transmitter,

02 elevation angle between boresight and point on glistening surface
for receiver,

R 1 =range between transmitter and point on glistenirg surface,

R 2 = range between receiver and poin: on glistening surface,

dS = element of area of glistening surface which is illuminated by
beacon,

1 -- a7imuthal angle between boresight and point on glistening surface
for receiver, and
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azimuthal angle between boresight and point on glistening surface
"- for transmitter.

The diffuse power integral contains an expression for the normalized average.
A4bistatic rough-surface cross-section, aO, which comes from Ruck et al. The

expressions derived by Ruck are quite general and highly complicated. The dif-

forent forms of a* used in the models will be discussed in Appendix C. Here we

will simply comment that

iopq

where k3 represents the scattering matrix and S introduces the local shadowing
pq

contribution. The term J is related to the surface height distributions and the

surface slopes. For a Gaussian surface

22

L z

and for an exponential surface height probability density

= exp [- ( T(..I ]

where

Fx = sin 0 1 -sin Os Cos Os' '•

r sin s sin 06

P = -cos0 -cos0

Os = azimuthal scattering angle,

0i = angle of incidence (with respect to surface normal) , and

0 = angle of scattering (with respect to surface normal).

The final aspects of the model is the azimuthal angle error. To calculate

this, we assume that the spectral width of the diffuse multipatzi is narrow compared

to the bandwidth of the receiver/processor, and that both noise power and diffuse

multipath power are Rayleigh distributed. For the conditions of the DABS system,

A4. Ruck, G. T., Darrick, D. E., Stuart, W. D., and Krichbaum, C. K. (1970)
Vadar Cross Section Handbook, Vol. 2. Plenum Press, New York.
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rho- U eor'r.'ll.`3i, tinie of tho .iiffuse nitlti iath power is (if the order (if 10)- see',

13.

and the intlrpulse period is of the order of 10 sec. Also, for the DABS experi-

ment test site, the spectral width of the diffus.? multipath power is of the order of

100 Hz, and the bandwidth of the receiver processor is about 5 X 104 Hz. This

shows wh- even narrowband Doppler filtering cannot reduce the diffuse multipath

power in the radar resolution cell containing the target. Under these conditions,

the total amount of noiselike interference NI in the radar resolution cell containing - .

the signal is given by

NI PDIF, + No (A 5)

whpre

N 0 noise power from environment plus receiver.

Tho. error, aq, in azimuthal angle pointing accuracy is given by the expression

of Barton and WardAS:

( 0 B (A6)
\k .,2STIR/

where

azimuthal beamwidth,

STIR PCOII/NI -signal to interference ratio in the difference channel,

PCOI = coherent power in sum channel, and

k m normalized pattern slope.

AS. Barton, D. K.. and Ward, If. H. (1969) Handbook of Rradar Me surement,
Prentice-ala~l Inc., I.nglewood Cliffs, New Jersey.
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Appendix B .

Derivation of Expressions for Normalized Cross Sections :•.:

of Rough Su~rfaces

In this appendix, the expre'ssions for the normalized Cross section a* of a.'.•''

rough surface- are derived for bivariate Gaussian-distributed surface heights and ,.;

also for bivariate exponentially-distributed surface heights. The approximation •O

of physical optics is assumed to apply. Under the assumptions of ph~ysical optics-

the expression for aO may be writt*-n".. -

ppq

The scattering, matrix," 1 "J3pql and the shadowing function, S are discuss+ýd in -. ::
Appendix A and Appendix C. Here the discussion will be limited to the final term

in the expression for ae, the J factor. In Appendix A we discuss, for both dis-e

-tributions, the particular form for J that applies for large values of the Rayleigh"/'"

roughness parameter [E = (21ra/X.)(cos 0 . + Cos 19s)] Here. the discussion is z
broadened to other regimes and the form for the J term is derived for large ofa

Rayleigh parameteri E >>fo; intermediate Rayleigh parameter, E s 1; and smallnd

Rayleigh parameter, e < 1. It should be mentioned at this point that when the

Rayleigh parameter is large, a formulation of the rough surface scattering prob- ":"i

lem, which is more complete thae the physical optics approach, shows that

Apedx-a.ApnixC eetedsusinwlelmtdt the fia term

itA

-~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~~~~PkjU -tiuintepriua omfrJta plepo ag auso h ayegh
rougnes paameer ~ (n~iX)(os ~+ cs 9)J.Her, te dscusio isP,



ni lrtiltle1 6 scattit iflrn beconies i;Irpo rti tt in partitcular, I)oesarto anfd S)hdi~iz

show t'd, by nunit-rica II solving an integr ia I quation, that fot a Ga ussian distrib-

ute]A surface with large surface roughint-ss (large Rayleigh pat anmeter) and small

corelaionlength, single scatte-ring grossly underestimated the strength of the

average scattered field. Recently. for a rough surface having a correlation length

niuc~h smaller than the ein wavelength, B~rown1 ~ has shown that an analysis may be
us.'] hasod on a subst..ute surface which gi*ve-s rise to the same averagef scattered

fit-ld as rhe true surface, It is demonstrated that the average scattered fi eld 'I'-

pends upon the, number' of interacting areas and the surface r'oughness. There is

*a specific number- of inter'acting a reas that dominate the average scatteredf rielJ.

for' a given ranae of RaYleigh parameter' E. The number- of interacting areas

incr'eases as the Ravleigh paramneter' incr'eases.

In the pr'esent report, no multiple scattvr'ing is considered and the approxima-

tions of physical oprics are used to der'ive the expressions for' a6 when the surface

heights have different distribution functions. Different expressions are obtained

for (71 as a function of the value of the Payleigh param et er. (In Section 2 of this

rv-por't, ''aoh of the, expr'essions for' 7& is evaluated over' a wide range of the

Ila'i.-.Iih pa raim'-t*r' to assess th.' regionis of vAlidity for the .li fer,-nt relations

a id the oxt eat of* th- c ljs;igr'eeniont a110FL Othe Or Waluies. ) Tb.' differ.-mncs in a

a re r'Ons iderel to be re~lrt d to the differences in the J -values for' the three L-

r'eginies. 'The' gene'ralized integr'al forrrulation for' J is given by

X

J~(~# ( )f niL" f ix., f dy1 f d 2fjexp i[vx2 -x 1) + v~,(y 2 -Y 1)~f
-X -N -Y -Y

A 4XY

v (2-,(sin 0' sinl )os

131. DoSanto, i.A. , and Shisha. 0. (1974) Numerical solution of a singular int~-
ar'ai 'quaor ion in random rough surface scattering theory. J. Comip, Phys.
I -)( No. 2): 2 1;.

132. lBrnawn, G. S. (198*2) New results on coher'ent scaitter'ing front r'andomly rough
'onductingy surfaces, TCtITrrans. Antennas Propag. (to be, published).
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a ..V<

Vy X -(sin 0s sin S)

0i. angle of incidence with respect to surface normal

s angle of scattering with respect to surface normal

Os = azimuthal scattering angle

X marginal univariate characteristic function

X2 -bivariate characteristic function

A em wavelength

2X = length of rough surface , ard

2Y = width of rough surface

This expression for J involves no assumptions abouti the surface height distribution

or the size of the Rayleigh parameter (the only restrictions are that the radius of

curvature of the irregularities on the surface be large compared to a wavelength

and that the surface slopes are small, a/iT << 1).

'The next step is to evaluate the integral for specific cases. We first note that

the bivariate chlaracteristic function (the Fourier transform of the bivariate sur-

face height distribution function) is a function of the correlation coefficient c'T)

where 'T is the separation of two points on the surface

2 Y2
7 = x- x2)2 "(Y1  2)2 /i

The following results are for the Gaussian form, c(r) exp -r .2 /T 2 1 The corre-

lation coefficient has the following properties: c(O) 1, c(r - •e) -. 0, and

o ! cl -f 1. This behavior will be used in the specific deviations.

The first case that we will consider is the form for the Gaussian surface-

height distribution. The three different ranges of E are covered in succession.

A discussion of this case is presented in the book by Beckmann and Spizzichino. B3

The present development is given to clarify the comparisons in Section 2 and to

show the similarities and differences between these results and those for the

exponential distribution.

"For the bivariate Gaussian surface-height distribution function an given in

Appendix A, the corresponding characteristic function is given by

2
X2 exp [- 2( -r)]

B3. BTlckmann, P., and Spizzirhino, A. (l.9 3) I'hl, Seatt .ring of :ll,etrtmgn, c-.'otic

'S - ..--,,

•s "l Rough S. , Co.. a.



and the corresponding univariate charactoristinc function is given by

x=exp~ Iz/2]

For the Gaussian distributed surface h(.ights

-2 x x'

that is, decor-relation leads to statistical independence. Because of this fact the

previous integral for J may be readily reduced to the following form:

82 fJ(v 'r)[)(2  X X 'cJ T (B2)

f 0

0

2 2

vihere v~ V +2
x x

if the Itavleighi pni rameter >>' 1, 1 steepest clescent evaluation of the ir~tegral

anhdvs that mosr of thni contribution comes from r zn0. Then

C.(7) expf T (1 T I 'T X2 -E T-p '2 T-) and yn 0 so that

(JO(v11 = eep f -•/2]. r 1-

0

and after integration,

/4 2 2 \ p 2l

The above expression is accurate for large •. On the other han-. -i- most

accurate representation for J for intermediate vplues of e is given by the integral

in Eq. (B2). When the Rayleigh parameter is small (1: < 1), the following series
representation should be used

_E2xy)[ .2n 'r-

j 42T2 xP_ 2 Tm F 2 4m

A r 2  111 M! r '

in5 1

•'. h ,'e V .. x " .,I,'. '



n ho * : 11: ' 11:11 11 f"M 3 't~:~ 1ý N :I s. t~ * I) I * it 1 1

-I nd

v/~~~ 1 '1

2

till 1111mli

IME14" =



'I hen,

00

VI c f dw f dZ 2 exp[ivZ (%/ 2w + (c -)Z 2 )]"
-00 -0 . -.-

e x p [ +( 2 + Z -.- 2,

Next, we cnange to cylindrical coordinates, where w = r sin 6 and Z2 r cos 6,

so that

r2r de -ivr[V 4 I sin9+(c.ii)cos0I -c rX2 v/- f- r dr f dO e e ::: /

0 0

Performing the integration over r yields:

2  i - ,/ - f dO ~-cvd c( + ivz sin 0 + (c cos,.-.

This integral can be evaluated by the calculus of residues if we introduce the

change of variables Z eio so the x2 becomes

_______c Z dZ *-
'k2 A 2  f Z' + (13/A)Z + (D/A) I'

A v• 
.) 

+ A/, c, 2

11 -2c , and

1

anH Il,.- con!out is -am'ound the unit cirerlr in the complox Z.-plan•. Ca r.chy's

in! 't, :;. formula ti en l•,tds to th, result --

51,0

7-7,/f

/?

47-

X:2



= {t + (2/3)r2[l - c(r)}" 3 '/2

An alternative derivation of this result was reported by Brown. B4 -

The marginal univariate density function corresnonding to the bivariate

exponential distribution is given by
00]

p(Z 2 ) 2•"/ 'r J1d exp -eI +Z2) .

v -"iv I

27 1 I VV 27 V1- 1Z2Kl(c,,1 Z,
Z2,

lThen. the univariate charaetoristic function is given by

00 ivzZ
f p(Z) e2

and hence, •• //

[1 (1/3)F2]-3 
/2

here, it may be noted, that X2 (T -0) (T€ X* so that dcorrelation does not imply

statistical ind,,pndnce,. MW-.

As in th, Gaussian case, if the Rayleigh parameter is sufficiently large

(r >- 1), then \2 - k .* and the contributions to the four-fold integral f Eq. (1)]

for J rome primarily fl'-m the region where "r z 0, so that

X I

, 4. Br'ow n, G. S. (19,8 2) S-itl, rin! fromi n' of 0loi )ufth surraec,,
li~j~ Si.(to bf. pubi 'ht.-D

- -: ':.. . . .. - 7, ,

' -f:" f " f -<,"

I ,St.S r i t /, p, -l. >.. ,- - .
•

/ " . ".,



which reduces to

22 2 f
0

This is the expression given by Barrick in Ruck et al. B

On the other hand, if the Rayleigh parameter is not large (L !s 1. intermed-

ia~te Rayleigh parameters), then

x x Y
4" (i~( f dxl f dx f dy1  f dyQxxy1 y) 2  xjS

-X X -Y -Y

where

Q(x1 . xy, )z exp fi(v [xi x2 ]+vj 1 -yJ)

BrownB4 has rewritten this expression as the sum of two integrals, by subtracting

and adding the term

223/

which follows from cr (T ao 0. Then, J + JS' where

N N Y

)~ (1)j J dx1 f dx, f dy, dy2 Q(x1, x2,~~2~2- -

-X -N - -Y

and

JS 41r -(4XY)sic (sin nc (Y)[(I + (2/3)12 ( (1/3)EZ)

H-ere: sinc(u) si u) Since most of the contribution to J comos fromi the

region where i' 0, one, ma,- write

B5. Rluck, G. T., Barrick, 1). E., Stua rt, W. D., and Krichbaum,. C. 1K. (1970)
Radar Cross Section Hlandbook, Vol. 2, Plenum Press, New York.
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()(2 70J J.(v T) [(l + (2/3)L~( - C)1 3/

0

(1 + (2/3)L2)3/2 d1"1

B3rownn has idntified JD as the incoherent-power scattered diffusely, and JS as
th#, incohoernt power that is strongly peaked, in the specular direction (v = v 0).

If E 1 (small Rayleiah parameter) then y

2 2 T2-7/r 2X• 1- + L ''

and ;

x." " 1.

so that

2

.T 2 E2 O(vyT) P /T d"
A 0 ,..,

Thus, for E << 1, (small Rayleigh parameter), -7-

4 1,2 2 T2 2 T2/ ]-..: .- '

A T exp [-vt Ty/41

We now have a series of expressions for the determination of the J term con-

tribution to o°. In Section 2, the accuracy of each of these expressions for J (and

a0) are investigated numerically for a wide range of Rayleigh parameters.
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Appendix C
Differentiating Featume of the Two Models

As was discussed in Appendix A, many of the details for the two models are

identical. The point at which the models differ is in the calculation of the diffuse
scattered power. In the diseussion we will first present the specifics of the gen-

eral model and then show how some simplifying assumptions lead to an alternative

less complex formalism that includes the length and width definitions of Beckmann

and Spozzih.n...Cl C

andSpizicino ClRuck et al C2give expressions for the average bistati'c rough-
surface cross-section a0under the following four assumptions: (1) the radius of
curvature of the surface it-regularities is larger thian a wavelength; (2) the rough-
ness is isotropic in both surface dimensions, (3) the correlation length is smaller
than either the X or Y dimension of the sample subregion; and (4) nrultiple scat-

tering is neglected. The expression for ahas been presented in Appendix A.
Here we wish to discuss the scattering matrix element that is itsed in the deter-

mination of the cross section of the rough surface.(
The matrix elements for linear polarization states are

a "1sin 0..si

Cl. Beckmanan, P. , and Spizzichino, A. (1963) The Scattering of Electromagnetic
Waves From Rough Surfaces, Macmillan Co., New York.

C2. Ruck, G. T., Barrick, D. E., Stuart, W. D., and Krichbaum, C. K. (1970)
Radar Cross Section Handbook, Vol. 2, Plenum Press, New York.
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, sin Osa H9 i (0 ) - sin 0 I a....;H in 6s(4

o o 2
: sin 0. sin 04 s (0 i af H()1 S i 2 3 i

( -sin O Smn0 • n •,Oi ,O :!•
111i a la4  

"

lHre, R (0.) and R (0.) are the Fresnel reflection coefficients

2 ýE Cos Oi - --sin 0.
0( .) -

Cos 0C + - sin 2 0.

and

si2 0 -
cos ,. - /,-s•• sin 0

RI(0.) = ( j
cos + - -sin20.

Note that e r is the rlative complex dielectric constant of the surface, the sub-
script 11 reft-rs to the '-rield in the plane of incidence, and the s,•bscript 1 refers
to the E-field normnl to the, plane of incidonce. The remaining angle terms are . -

c0 C -sin 0sinn0 cos 4s +cos O. cos Os

a 1 + sin 0 sin 0 Cos s -cos 0.co3

a9  cos 0.sin 1s + sin 0. cos 0 coss
- I s s

sin 0. Cos 0) ± cos .) sin 11 cos .

a 4 = cos 0. - 'cos 0

-6(3 -__(_

"i-./



Then, neglecting shadowing effects we '-,ave the general expression for the surface

cross section

S. O'- Opq

The diffuse scattered power is determined by integrating the product of this

expression and the corresponding elevation and azimuthal receiver and transmitter

gain factors over the distance between the two antennas. The azimuthal integration

is bounded by the extent of the azimuthal difference pattern, Figure 10. (For a

discussion of the technique used to introduce these bounds into the formulation,
C3see Papa, Lennon, and Taylor.

In the alternative model the assumption is made that the receiver is sufficiently

far from the, transmitter so that the pcrtion of the "glistening surface" that con-

tributes to the diffuse multipath is a long, narrow strip extending between the - -.-

transmitter and receiver. This assumption allows us to make the approximation

that the azimuthal scattering angle Os Z 00. This assumption leads to considerable

change in the resultant a* calculation.

In the scattering matrix, the first consideration is that the two cross-polarized

terms are now zero. Only the copolarized elements contribute to the scattering.

In those cases, manipulation of the relations and introducing the angle
0. + -I s)Sleads to

1 + cos 2a0R (0) ...-

OVV (cos 0 cs CO ) (vertical polarization)

and

(1 + cos 2a) R (0.)
PHH (cos 0 + cos Os0 (horizontal polarization)

1 •

In these two terms it should be noted that each depends on only one Fresnel reflec-

tion component while in the general solution each includes contributions from the

two Fresnel coefficients. Another effect of this assumption is seen in the terms

ýx' -y' and Fz. These reduce to Fx = sin 0 sinO, =0, and

Cz -cos .i- cos 0s. As a result we then have

C3. Fapa, R.J., Lennon, J. F., and Taylor, R. L. (1980) Electromagnetic Wave
Scattering From Rough Terrain, RADC-TR-80-300,"AD A0839.
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J =(..) exp[ -. 4).(')]

ror a Ga, dan bivariate surface-height probability density function (PDF) and °

2 2 9 /2 ].'.

for an exponential surface-height PDF. .al d

Since this has effectively removed any azimuthal variation in a°, the calcula--"

tion of the diffuse power scattered by the surface and received at the antenna is " '

approached differently. In this model, the surface of integration is determined by..

the Beckmann and Spizzichino definitions of glistening surface length and width.."

The length is obtained by calculating the location of the two end points of the glis- -,•0"

tening surface. For a homogeneous surface, the distances from the end points to .•

the transmitter and receiver (L 1 , L 2 ) are based on the respective heights (HT, HA)...-

/2

and a roughness criterion (a/T), where a2 is the surface height variance and T is "•

the correlation length. Then, "•'

S 3HT cot (12

L2= HA cot (213o) (Cl) .

where,

tan 30 = 2aT."

Then, along the extent of the surface the local width W is given by

w -- X 2)( + )tn( 0  02 2 .. k.)] J(:C"2)

Si nce, thi ha"fetv l e o e n z m t a a ito na ,t ec lua

D total ground distancat from transmitter to receive dth, ,- "

the = diBk t acn from transmitter to point on glistening surface, and

The = distance from receiver to point on glistening surface. p -.

tening~~~~~~~~ ~ ~ ~ ~ ~ ~ ~ sufae Fo .ooeeu ufctedsacsfo h n onst

the tr n m te an.eev r( , r a e o h ep ci eh ih s( T

the~~ coreato legh!hn

Lo o 2

L 2 A ct (0 0 C 1

where,/



Once these quantities have beer. determined, the diffuse scattered power contribu-

tion from each increment of length along the glistening surface is obtained by S

multiplying the product of the centerline value of a° and W by the appropriate.

azimuthal and elevation plane antenna power-pattern distributions. "

The differences in the various results described in Section 3 and Section 4 of. '

this report reflect the effects of using the two alternative models in our analyses.'-.

One additional point that can be made is that in an earlier reportC we described 0•Q

an attempt to go beyond the Beckmann and Spizzichino model limilts without resort-"i

ing to the conmplete solution d,.scribed here. In that instance, the restriction on"."'

the st, rface of integration based on the length of the glistening surface was re- "-

moved and the calculation was made over the entire distance between antennas,_-_

whether or not that exceedd the traditional glistening surface length. However, 0'

we still assumed •b 0 and the standard width values were used..

- */. I.


